ABSTRACT Phosphorus utilization (PU) has received considerable attention in poultry nutrition. However, reliable estimates of genetic parameters for PU and related traits have largely not been reported until now; however, these are needed to assess whether selection for an improved PU would result in selection response.
INTRODUCTION
Because of limited global phosphate resources, low phytate phosphorus (P) utilization in nonruminants, and high P losses through the animal's excreta, it is necessary to make the use of P sources in poultry nutrition more efficient (Abelson, 1999; Rodehutscord, 2008; Cordell et al., 2009) . One approach to accomplish this aim is to consider the genetic variability in P utilization (PU) and to use this information to improve PU in poultry via selection. Quantitative genetic parameters are needed to assess the prospects of a putative selection program for PU optimization. Only few studies have been published that report genetic parameters C 2016 Poultry Science Association Inc. Received August 10, 2015. Accepted October 12, 2015. 1 Corresponding author: j.bennewitz@uni-hohenheim.de of P-related traits in poultry (Zhang et al., 2003; Zhang et al., 2005; Ankra-Badu et al., 2010; de Verdal et al., 2011; Beck et al., 2014) . This seems surprising given the importance of PU, but might be due to the difficulties with setting up large scale experiments to measure PU in a sufficient number of individuals, which are needed to obtain reliable parameter estimates. The Japanese quail (Coturnix japonica) is an important model animal in poultry studies (Minvielle, 2004) . Compared to other poultry species, quail experiments require less space, the generation interval is very short, and quails start to grow rapidly after hatch. Hence, quails have been used to study PU (Rodehutscord and Dieckmann, 2005; Alfoteih et al., 2009; Sharifi et al., 2012) , and in a recent study, we reported a heritability of 0.09 for PU (Beck et al., 2014) .
Little is known about the interrelationship between PU and other growth related traits, but knowledge about this is needed if e.g. the prospects of a selection 764 Downloaded from https://academic.oup.com/ps/article-abstract/95/4/764/2563655 by guest on 03 April 2019 index including PU and other relevant production traits is of interest. Given the importance of a sufficient P supply for growth, it can be expected that these relationships are of complex nature. In order to shed some light on this complexity, structural equation models (SEM) can be applied. These multivariate models account for causal relationships between traits. Since the landmark paper by Gianola and Sorensen (2004) , SEMs have been applied in quantitative genetic mixed models in a number of studies, e.g. in the analyses of functional traits (de los Campos et al., 2006; Wu et al., 2007; de Maturana et al., 2008; König et al., 2008; Heringstad et al., 2009 ) and milk quality traits (Tiezzi et al., 2015) in dairy cattle, litter traits and mortality in pigs (Varona et al., 2007; Varona and Sorensen, 2014) , and several traits in European quail . In a quantitative genetic setting, SEMs enable the separation of direct and indirect genetic effects causing the genetic relationships among traits. Direct genetic effects are due to linkage disequilibrium between genes affecting traits or due to pleiotropic effects. If, however, a causal relationship between two traits exists, genes affecting directly only one trait may affect also the second trait indirectly via the causal relationship between the traits. Hence, modelling the causal relationship among PU and other growth related traits by the use of SEM leads to a better understanding of the nature of their biological relationship and eventually helps to design a multi-trait selection scheme.
In the present study, a Japanese quail F 2 cross consisting of 888 F 2 individuals was generated and phenotyped for PU, Calcium utilization (CaU), bodyweight gain (BWG), and feed per gain (F:G). The data were analyzed by using SEM and standard multi-trait models (MTM). The causal structures for the SEM were pre-selected based on prior biological knowledge and visual data inspection. It was assumed that PU affects BWG and F:G, and F:G affects BWG, without simultaneity effects. The aim of these analyses were to assess if these model assumptions are supported by the data, to infer the magnitude of the causal effects, and to estimate and discuss genetic parameters. The analyses were conducted with a residual maximum likelihood (REML) software package, for which no option for standard error approximation of SEM genetic parameters is available. Therefore, we derived equations for the standard error calculations of SEM genetic parameters estimated with REML. This study was approved by the Animal Welfare Commissioner of the University Hohenheim and was conducted in accordance with Animal Welfare Regulations.
MATERIALS AND METHODS

Experimental Design
A Japanese quail F 2 design was established. Founder eggs were obtained from birds of two lines (line A and B) of a divergent selection experiment, which took place at INRA, Nouzilly (France). The selection criterion was social reinstatement behavior as described in detail in (Mills and Faure, 1991) . The eggs were incubated and hatched at the Institute of Animal Science, University of Hohenheim (Germany). Eggs were incubated for 18 days in a commercial egg incubator at 37.8
• C on days 1 to 15 and at 37.5
• C on days 16 to 18. After hatching, all individuals of the F 0 -generation were wing-banded and housed in groups on floor pens on wood shavings. Room temperature was adjusted to 35
• C with infrared lights and gradually reduced to 22
• C at day 20. Illumination was applied continuously by the infrared lights up to day 20 followed by a 12 hours photoperiod applied by light bulbs. The quails were fed a commercial starter diet until day 20, then a pullet diet until sexual maturity, followed by a laying hen diet. Feed and water were offered ad libitum. At the third week of life they were sexed on the basis of plumage color. Twelve male and 12 female quails of each of the two lines were randomly selected at the sixth week of life and transferred to mating cages and kept there in pairs. Twelve males from line A (B) were mated to 12 females from line B (A). Photoperiod was then raised to 14 hours per day. Eggs of each female were collected for 10 days and stored in a dark room at 15
• C and 60% humidity. The F 1 -generation was hatched and raised under the same conditions as described for the founder generation. At the sixth week of life, 17 males and 34 females were selected and one male was paired with two females. From these matings, full-sibs (34 families) were produced, which were the F 2 -generation. Eggs of the paired females were individually identified by their individual eggshell coloring. They were collected for 14 days, stored, and incubated as described for the previous generations. Finally, 920 F 2 quails were generated in 12 hatches. The number of individuals in the hatches varied between 60 and 100. All hatchlings were taken out of the incubator one day after hatching and individually wing-banded. This day is denoted as the first day of life of a quail in this study.
Experimental Procedures
Measurement of total P and Ca intake and excretion is the preferred approach to measure PU (Shastak and Rodehutscord, 2013) . Therefore it was necessary to keep the F 2 animals individually in metabolic cages. The animals were adapted to a low-P experimental diet and to the cages. Therefore, rearing and feeding of the quails of the F 2 -generation was divided into three subsequent periods. In period one, hatchlings were weighed on the first day of life and raised in groups in floor pens on wood shavings until they were transferred on day 8 of life to the metabolic cages as described in detail in Beck et al. (2014) . Period two was an adaption period to the cages until day 10. From day 10 to 15 (period three) individual feed intake was measured and total excreta were sampled as described below. At day 15 the animals were slaughtered. The room temperature was adjusted to 35
• C on day 1 with infrared lights and gradually reduced to 30
• C on day 8 and then further reduced to 25
• C on day 15. Continuous illumination was applied by the infrared lights. In the first 5 days of life animals were fed with a commercial starter diet. From day 6 to 15 they were fed a low-P experimental diet. Composition and concentrations of the diets are described in Table S1 . To express the full genetic potential of the bird's individual PU, the P supply level was calculated to be below the quail's P requirement, as recommended in WPSA (2013).
The calculation of the low-P experimental diet was based on the nutritional recommendations for young turkeys (Gf E, 2004) , with the exception of P and Ca concentration. The diet composition was similar as in previous P digestibility studies with Japanese quail (Dänner and Bessei, 2002 ) and the total P content was 4.0 g/kg dry matter. The main feed ingredients were corn, corn starch, soybean meal, potato protein, and alfalfa meal to achieve the low-P content in combination with a low intrinsic phytase activity. The experimental diet did not include mineral phosphate or a phytase supplement. Ca was supplemented in order to ensure a Ca:P ratio of 1.3 in the experimental diet. The starter diet was offered as crumbles and the low-P experimental diet as 2-mm pellets for ad libitum consumption. Drinking water was freely available from cup drinkers.
Procedures of excreta sampling and feed intake measurement were similar to those applied in previous experiments using the same metabolic cages (Beck et al., 2014) . The floor of each box was covered with corrugated cardboard during the adaptation period and changed by a P-free filter paper during the excreta collection period. At the end of the experiment, the filter paper together with the excreta were carefully removed from the box, the spilled feed, feathers, and dander were removed, and then the paper was dried and stored until analysis.
Trait Measurements
At the beginning and the end of the excreta collection period on days 10 and 15, respectively, the quails were weighed and BWG in this period was calculated. Feed consumption (FC) was measured in the same period and F:G was calculated as FC per BWG. PU was determined for each individual as follows (Shastak et al., 2012) : PU [%] = 100 -100 × [(P Excreta ) / (P Diet × FC)], where P Excreta is the analyzed amount of P in the collected excreta [mg] , P Diet the analyzed concentration of P in the diet [mg/g], and FC the individual feed intake in the 5-d collection period [g] . CaU was calculated accordingly using the analyzed Ca concentrations.
Chemical analyses
Feed samples were analyzed for crude protein (method 4.4.4), crude fiber (method 6.1.1), and crude ash (method 8.1) using official standards as described in (VDLUFA, 2006) . For mineral analysis, feed samples were dried and ashed in a muffle furnace (550 • C). Ash was solubilized with 4.4 molar HCl and diluted with double-distilled water. The samples were boiled for 5 min and diluted to a defined concentration with double-distilled water (VDLUFA, 2006) . Filterpapers together with the excreta were weighed and soaked with a defined amount of double-distilled water. They were mixed with a handheld electric mixer and a representative sample was obtained. This sample was dried and solubilized in the same way as described for the feed sample. The concentrations of P and Ca in the solutions were measured using an inductively coupled plasma optical emission spectrometer (ICP-OES) (VISTA PRO, Varian Inc., Australia) as described in Shastak et al. (2012) .
Statistical Analyses
The data were checked for plausibility and outliers were removed. A total of 888 F 2 individuals with phenotypic observations remained in the data set. Pairwise scatterplots of the recorded trait values are shown in Figure 1 . The scatterplot of CaU and PU shows that these traits are highly correlated. Indeed, a bivariate quantitative genetic analysis of CaU and PU conducted with a MTM model revealed a genetic correlation of 0.918 (not shown elsewhere). Therefore, the trait CaU was excluded from the following analysis. For the SEM as described in Gianola and Sorensen (2004) , the causalities have to be defined a priori. Based on the scatterplots in Figure 1 and biological reasoning, we assumed the following three recursive causalities: PU affects F:G and BWG, and F:G affects BWG. A graphical description of this model is given in Figure 2 . The structural coefficients λ F :G,P U and λ BWG,PU describe the rates of change of F:G and BWG with respect to PU and λ BWG,F :G that of BWG with respect to F:G. Note that PU affects BWG directly and indirectly via F:G. The following trivariate recursive mixed linear animal model was applied, which is given in the notation as used by Valente et al. (2010) and Rosa et al. (2011) :
where y is the vector with phenotypic records of the traits for the n individuals, u and e are vectors of random additive (direct) genetic effects and model residuals, respectively. These vectors are sorted by trait and animal within trait. The animals were slaughtered at the trait means. The joint distribution of the vectors t, u, and e was:
with T, G, and R being the test day, additive-genetic, and residual variance-covariance matrices, respectively, A is the numerator relationship matrix, and I m and I n are identity matrices of order m (the number of test days) and n (number of individuals), respectively. A matrix Λ of order 3 × 3 contains the structural coefficients λ ij describing the rate of change in trait i with respect to trait j. From the causalities given in Figure 1 , Λ has the following form:
In order to ensure parameter identifiability, it was assumed that the system residuals were uncorrelated, which is a standard method to ensure identifiability (Wu et al., 2010; Rosa et al., 2011) . The parameters from the recursive model differ from those of standard multivariate models and should be interpreted as 'system parameters' (Gianola and Sorensen, 2004) , controlling the 'system' of the three traits. To estimate the variance-covariance matrices pertaining to the standard mixed model, the following matrices were computed Table 1 . Traits, trait abbreviations, mean, minimum (min), maximum (max), standard deviation (SD), and coefficient of variation (CV) of the observed traits of the Japanese quail F 2 -animals. (Gianola and Sorensen, 2004; Rosa et al., 2011) :
From these matrices, trait heritability's as well as phenotypic and genetic correlations were estimated. ASReml (Gilmour et al., 2002) was used to fit the model. ASReml produces error variances and standard errors of all estimates, i.e. the entries of the variancecovariance matrices T, G, and R as well as of the entries of Λ, which are the structural coefficients. The latter were estimated as fixed regression coefficients. In order to estimate the standard errors of the entries in the matrices T * , G * , R * , and P * and functions thereof (heritability's and phenotypic and genetic correlations) a delta-method approximation was used, which is outlined in detail in the Appendix. Because (I − Λ) is a triangular matrix, it was possible to obtain an explicit expression for the inverse (I − Λ) −1 , which facilitated the approximation of the standard errors by the delta method (see Appendix).
For comparison purpose, the data were also analyzed with a standard trivariate MTM with the fixed and random effects as given in the SEM shown above. Note that in MTM the restrictions in the residuals were not necessary. The MTM was also fitted using ASReml.
RESULTS AND DISCUSSION
Phenotypic Observations
Summary statistics for the recorded traits can be found in Table 1 . Although the diet in the balance period did not contain mineral phosphate or supplemented phytase, the mean PU value was rather high. Similar values were reported in other studies that used a similar type of diet in broilers, turkeys, ducks, and quails (Punna and Roland, 1999; Rodehutscord and Dieckmann, 2005; Yan et al., 2005; Beck et al., 2014; Zeller et al., 2015) . The reason for the high level of PU is that we used a diet with a P content below the requirement of young quails. This challenged the birds to express their full potential to utilize P with a maximum absorption in the intestine and a minimal endogenous gut loss. The Ca:P ratio of 1.3 in the diet ensured that the Ca supply did not limit PU and at the same time avoided the formation of insoluble CaP complexes in the intestine due to Ca excess. The coefficient of variation indicates substantial variation for PU. The mean values of CaU as well as their variation fit those values found for PU. The strong relationship between PU and CaU described above was expected, given the coupled physiological mechanisms of Ca and P absorption in the gastrointestinal tract (Proszkowiec-Weglarz and Angel, 2013) and accretion in the bones (Shastak et al., 2012) . The mean F:G was slightly lower compared to the values reported by Varkoohi et al. (2011) and Nasiri 
Recursive Effects
The estimates of the recursive effects along with their standard errors are shown in Figure 2 . The standard errors are small, which supports the assumptions made about the recursive relationships between the traits (see Figure 2) . The recursive effect from PU to F:G isλ F :G,P U = −0.177, which indicates that an increase in PU leads to a reduced F:G. Moreover, a reduced F:G leads to an increase in BWG, as indicated byλ BWG,F :G = −0.963. Finally, an improved PU leads to an improved BWG (λ BWG,PU = 0.204). The overall effect of PU on BWG isλ BWG,PU +λ F :G,P U × λ BWG,F :G = 0.374, i.e. an increase in PU of 1% leads to an increase in BWG of 0.374 g in 5 days.
The structure shown in Figure 2 was chosen based on biological background and raw data inspection. Following the terminology suggested by Wu et al. (2010) , we formulated a model that conveys realistic causal assumption. The way the structure was chosen was simple and no competing models were compared. Hence, we cannot rule out the possibility that the assumptions were incomplete and simultaneous or feedback effects between traits existed. Methods for identifying causal structures of complex traits among a wide range of possible structures were developed by Valente et al. (2010; . Their methods are implemented in a Bayesian framework and further work is needed to adapt their method for a REML approach, as used in this study. 
Genetic Parameters
The genetic parameters estimated with the SEM are shown in Table 2 . Table 3 shows the estimates of the additive-genetic, test day, and residual (co)variances of the system (i.e. the elements of the G, T, and R matrices obtained from the SEM). The elements of the matrices T * , G * , and R * obtained from the SEM are shown in Table 4 .
PU shows a small to moderate heritability, which confirms estimates from a previous study in quail (Beck et al., 2014) . It is also in agreement with the heritability for phytate P bioavailability in broilers (Zhang et al., 2003) . The heritability of BWG was slightly lower than reported by Varkoohi et al. (2011) for growing quails, but on a similar level as reported by Nasiri Foomani et al. (2014) . The diagonal elements of G for the traits F:G and BWG are smaller compared to the additive genetic variances stored in the diagonals of G * (Tables  3 and 4) . This implies that a substantial part of the breeding values for F:G and BWG is due to the breeding values for PU mediated by the structural coefficients.
The signs of the correlation coefficients are in line with the recursive effects, i.e. PU and F:G as well as BWG and F:G are negatively correlated and PU and BWG are positively correlated ( Table 2 ). The genetic correlation coefficients consider direct as well as indirect genetic effects, the latter being caused by the recursive effects (Figure 2) . The 'system' genetic effects are solely due to direct effects and free from genetic effects mediated by other traits that affect the trait under study (Gianola and Sorensen, 2004) . Similarly, the covariance's between these effects are due to genes directly affecting the two traits or due to linkage disequilibrium between genes affecting the traits (Valente et al., 2013) . The covariance of the direct genetic effects between PU and BWG and between F:G and BWG (Table 3) show a different sign compared to the genetic covariance, considering both, direct and indirect genetic effects (Table 4) , which can also be deduced from
, as given in the previous section. This implies that the indirect genetic effects of PU on BWG and of F:G on BWG have an opposite sign compared to the direct genetic effects affecting Table 3 . Additive genetic, test day, and residual (co)variance of the 'system' together with standard errors (in parentheses), results from the structural equation model (SEM). both traits, and that the genetic correlations between these trait combinations are mainly driven by the indirect genetic effects. This can also be seen from the comparison of absolute values of the covariance between the direct effects and the genetic covariance (Tables 3 and  4) , the latter being substantially larger.
The genetic parameters estimated with the MTM (Table S2) are almost identical to those estimated with the SEM. However, the standard errors of the parameters estimated with the SEM are larger, which might be due to the estimated structural coefficients.
Consequences for Multi-trait Breeding Purposes
In general, as described in detail by Valente et al. (2013) , in a breeding scheme the aim is to select parents to produce offspring with the best phenotypic value. The expected phenotypic offspring value can be expressed by the genetic values of the parents, regardless if they are due to direct or indirect effects. Hence, variance components stored in matrices T * , G * , R * , and P * should be used, because they capture the overall genetic effects (direct and indirect effects).
In situations when 'interventions' from outside are expected, however, a separation of these two effects is helpful to predict the effect of the intervention on the expected phenotype, and hence on the predicted breeding value Valente et al., 2013) . In our experiment, a low P experimental diet was used in order to challenge the birds to express their full potential of PU. In practical situations a P diet would be used that contains P as recommended by animal nutrients. In addition, PU might be affected by feed additives such as the enzyme phytase. Both can be seen as 'external interventions', which likely cause the variation of PU to be smaller. As described by Valente et al. (2013) , for breeding value estimation purposes under interventions it is necessary to know how to model the effect of the intervention in the matrix Λ and infer the direct genetic effect on each trait. The updated breeding values are then readily obtainable. In our situation it seems to be impossible to quantify the effect of the two possible external interventions described above that might happen when moving to practical situations. Therefore, when genetic parameters and breeding values are to be estimated for practical breeding purposes, the data recording should be done under practical feeding conditions. The analysis can then be repeated either using SEM or MTM and the results of the overall genetic effects can be used for selection purposes.
Experimental Design
Data from an F 2 cross were used in the present study. The primary aim of setting up this cross was to map genes involved in PU variation. The founder lines had been divergently selected for social reinstatement behavior (Mills and Faure, 1991) , which is most likely not correlated with the traits considered in the present study. The long-range linkage disequilibrium blocks that are induced in the F 2 -generation by the mating scheme might result in upward bias of the additivegenetic variance, because also heterotic group effects might be captured by the additive animal effects. In addition, as discussed by Bennewitz et al. (2014) , it can be expected that the distribution of gene frequencies is not strongly U-shaped but closer to intermediate values, which increases additive genetic variance. On the other hand, some genes might got lost due to drift within the selection lines before the cross was established, thereby diminishing additive genetic variance. Hence, these two overlying processes have opposite effects on the variance.
The standard errors of the variance components and heritability estimates were small (Tables 2−4), indicating that the structure and size of the experiment was sufficient for the estimation of these parameters. However, the standard errors of genetic correlations were larger, and these estimates have therefore to be interpreted with some caution.
Most studies applied SEM in a Bayesian framework, as reviewed by Wu et al. (2010) and Rosa et al. (2011) . Posterior distributions obtained from MCMC samplings are used to infer genetic structural coefficients, variance components, and related genetic parameters. Standard errors of these quantities can readily be obtained from the samples drawn. REML has become a standard method to fit mixed linear models in livestock genetics (Thompson, 2008) . Moreover, with ASReml (Gilmour et al., 2002 ) a flexible and powerful software to fit complex mixed linear models is available and widely used. In the present study, this software was used to fit SEM. Unlike in the Bayesian framework, standard errors of the variance components and genetic parameters were not readily obtainable, but were approximated using the delta method shown in the Appendix. It is hoped that these derivations will contribute to the application of SEM of research groups that favor REML in analyzing mixed linear models.
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To apply the delta method, we require the first derivatives T * = {t * ij } with respect to the parameters θ h . It is convenient to compute the derivatives for the whole matrix T * = {t * ij } rather than in element-wise fashion. Also, it is convenient to apply the product rule for differentiation of products of matrices. Thus, we may use (Harville, 1997) 
Hence, we require the partial derivatives With these results, it is straightforward to evaluate the partial derivatives in (A2), which in turn can then be used to evaluate (A1) to yield the asymptotic variances oft * ij . It may happen that in many or most cases cov(θ h ,θ k ) ≈ 0 for h = k, as observed in this study (not shown). In this case eq (A1) reduces to
var(θ h ), which was applied in this study. The standard errors of the entries in the matrices G * , R * , and P * were estimated in the same manner. Matrices T * , G * , R * , and P * were used to estimate genetic parameters (heritability's and genetic and phenotypic correlations). Standard errors of these genetic parameters were estimated using the delta method as outlined e.g. in (Lynch and Walsh, 1998) .
